The diencephalon is the caudal part of the forebrain and is organized into easily identifiable clusters of neurons called nuclei. Neurons in different nuclei project to discrete brain regions. Thus precise organization of the nuclei during forebrain development is necessary to build accurate neural circuits. How diencephalic development is regulated is poorly understood. BMP signaling participates in central nervous system patterning and development at many levels along the neural axis. Based on their expression we hypothesized BMPs play a role in diencephalic development. To test this hypothesis, we electroporated constitutively active and dominant negative forms of type I BMP receptors (Bmpr1a and Bmpr1b) into the embryonic chick forebrain. Ectopic induction of BMP signaling through constitutively active forms of the type I BMP receptors perturbs the normal gene expression patterns in the diencephalon and increases apoptotic cell death. These defects lead to disorganization of the diencephalic nuclei, suggesting BMP signaling is sufficient to modify diencephalic development. Lossof-function studies, using dominant negative forms of Bmpr1a and Bmpr1b, indicate type I BMP receptors are necessary for normal eye and craniofacial development. However, they do not appear to be required for normal diencephalic development. In summary, our data indicate that while not necessary, BMP signaling via Bmpr1a and Bmpr1b, is sufficient to modify nuclear organization in the chick diencephalon. q
Introduction
During development of the central nervous system (CNS) the multipotential neuroepithelium undergoes subdivision into morphologically distinct regions along the anterior-posterior (AP) axis. The most rostral segment of the neural tube is the embryonic prosencephalon (forebrain), which becomes partitioned into the telencephalon and diencephalon. The embryonic telencephalon subsequently develops into the pallium (cerebral cortex and hippocampus in mammals) and subpallium (basal ganglia). The embryonic diencephalon is caudal to the telencephalon and is the embryonic precursor of the epithalamus, thalamus, hypothalamus, and neural retina. The thalamus, which is the major subdivision of the diencephalon, is the primary relay station between the cerebral cortex and subcortical regions of the CNS. The hypothalamus, also a significant derivative of the diencephalon, is the control center of the autonomic nervous system. Despite these essential derivatives of the diencephalon, the molecular and cellular events regulating development of the diencephalon are only beginning to be understood.
Neurons in the adult diencephalon are organized into histologically identifiable clusters known as nuclei, which serve as functional units of the neural circuitry. Each nucleus contains neurons having distinct phenotypic characteristics such as targets of connectivity and types of neural transmitters. Thus, the allocation of neurons into distinct nuclei and the assignment of specific subtype identity to these neurons is an essential process for accurate neural circuit formation (Agarwala and Ragsdale, 2002) . Recently a series of transcription factors and adhesion molecules have been shown to be expressed in distinct nuclei of the diencephalon (Lim and Golden, 2002; Nakagawa and O'Leary, 2001; Redies et al., 2000; Yoon et al., 2000) , suggesting possible roles for these molecules in the development of these nuclei. It remains unclear as to how these gene expression patterns are established during early development and what roles they play in the diencephalon, although several studies have begun to address these issues (Bach et al., 2003; Garcia-Lopez et al., 2004; Hashimoto-Torii et al., 2003; Larsen et al., 2001) .
The simplicity of the spinal cord, relative to the forebrain, has made it a more tractable model to study neural patterning during CNS development. In the spinal cord, distinct populations of neural progenitor cells exist in defined locations along the dorsal-ventral (DV) and anterior-posterior (AP) axes (Helms and Johnson, 2003; Jessell, 2000) . The relative position of progenitor cells in reference to the dorsal and ventral midlines dictate the specific neural subtype that these progenitor cells can generate. This positional specification in the neural tube is dependent on secreted signals from the dorsal and ventral midline. Ventral specification is dependent on SHH whereas dorsal specification depends on BMPs (Ensini et al., 1995; Ericson et al., 1995 Ericson et al., , 1996 Ericson et al., , 1997 Jessell, 2000; Lee and Jessell, 1999; Lee et al., 1998; Liem et al., 1995 Liem et al., , 1997 Rashbass et al., 1997b; Roelink et al., 1995) . These signaling molecules specify DV patterning of the spinal cord, in part, by regulating expression of transcription factors in progenitor cells Briscoe et al., 1999; de Marco Garcia et al., 2002; Dietrich et al., 2000; Ladle et al., 2000; Lee and Jessell, 1999; Sander et al., 2000; Timmer et al., 2002; Tremml et al., 1997) .
Paralleling what is known in the spinal cord, our previous work and that of others suggest BMP signaling is involved in DV patterning of the forebrain (Furuta et al., 1997; Golden et al., 1999; Ohkubo et al., 2002; Shimamura and Rubenstein, 1997) . In vivo and in vitro studies indicate BMP2, 4, 5 and 7 may participate in forebrain patterning in the mouse and chick (Furuta et al., 1997; Golden et al., 1999; Ohkubo et al., 2002; Shimamura and Rubenstein, 1997) . However, a recent study with chick telencephalic explants suggests that BMP4 is not able to induce dorsal specific markers, while other BMPs were not tested (Gunhaga et al., 2003) . BMP mutant mice have been less informative due to early embryonic lethality and/or possible redundancy of gene function (Dudley et al., 1995; Dudley and Robertson, 1997; Hebert et al., 2003; Luo et al., 1995; Lyons et al., 1995; Solloway et al., 1998; Winnier et al., 1995; Zhang and Bradley, 1996; Zhao et al., 2002) . Despite this lack of information from BMP mutant mice, a requirement for BMPs in the brain was suggested in studies ablating the roof plate (Millonig et al., 2000; Monuki et al., 2001) . The genetic ablation of the telencephalic roof plate results in a severely reduced expression of Lhx2 and a severe reduction in cortical size. Since several BMPs are expressed in the telencephalic roof plate, BMPs were implicated as the dorsal patterning signal and this was supported by explant studies (Monuki et al., 2001 ).
BMPs signal via a serine-threonine receptor kinase complex consisting of type I and type II receptors. Upon ligand binding to the receptor complex, the type II receptor phosphorylates the type I receptor, which initiates signal transduction. Four type I receptors, Tsr1 (Alk1), Actr1a (Alk2), BMPRIa (Alk3) and BMPRIb (Alk6) are currently known to transduce the BMP signal in mammal (Chen and Massague, 1999; Kawabata et al., 1998; Macias-Silva et al., 1998; Munoz-Sanjuan and Brivanlou, 2002) . Data from transgenic mice overexpressing constitutively active forms of Bmpr1a or Bmpr1b under the control of the nestin promoter indicate that at least Bmpr1a plays a role in dorsalizing the telencephalon (Panchision et al., 2001) . As in the case of BMP ligands, BMP receptor loss of function studies in mice are only informative for very early events given that the Bmpr1a mutants die at gastrulation (Mishina et al., 1995) and the Bmpr1b mutants have no nervous system phenotype (Yi et al., 2000) . Conditional Bmpr1a mutant mice were subsequently generated by crossing a mouse line with a floxed Bmpr1a allele to a line expressing Cre driven by the Foxg1 promoter in the telencephalon (Hebert et al., 2002) . These mice show a defect in specifying (or differentiating) the choroid plexus of the dorsal midline but the telencephalon seems to be patterned correctly along the DV axis. Hebert et al. suggest BMP signaling acts only locally to specify the dorsal midline not having a concentration dependent role in global patterning. However, as discussed in their study, a role for BMP signaling in global patterning through Bmpr1a prior to the Cre expression in the telencephalon could not be excluded. Since Cre is not expressed in the diencephalon in the Foxg1-Cre mice, a role for BMP signaling in the diencephalon could not be addressed in this study. Taken together, the role of BMP signaling in forebrain patterning, especially in the diencephalon, remains unclear.
In addition to its role in pattern formation, many studies have shown BMP signaling also plays key roles in cell proliferation, cell death, neuronal and glial differentiation, and axon guidance (Augsburger et al., 1999; Butler and Dodd, 2003; Furuta et al., 1997; Graham et al., 1996; Hogan, 1996a,b; Li et al., 1998; Mehler et al., 2000) . It remains poorly understood how these different functions of BMP signaling associate with one another to establish a complete neural circuit in the brain.
Given the role of BMPs in establishing cell fates in the dorsal spinal cord, we hypothesized that BMP signaling would play a similar role in establishing patterning of the diencephalic nuclei. To test this hypothesis, we altered BMP signaling in the diencephalon through in ovo electroporation of both constitutively active (ca) and dominant negative (dn) constructs of Bmpr1a and Bmpr1b. Our data show that caBmpr1a and caBmpr1b disrupt gene expression patterns and induce apoptotic cell death in the early diencephalic neural tube, resulting in disruption of the nuclear organization. These results suggest that BMP signaling through type I receptors may modulate diencephalic nuclear patterning. Our studies with dnBmpr1a and dnBmpr1b show that dnBmpr1's do not disrupt diencephalic patterning but caused craniofacial, eye, and neural tube closure defects. Thus, our results indicate that type I BMP receptor function is necessary for normal eye and craniofacial development and neural tube closure, but may not be necessary for diencephalic nuclear patterning.
Results

Expression of BMP receptors in the developing forebrain
To understand the role of BMP signaling in diencephalic development, we first examined the endogenous expression of Bmpr1a and Bmpr1b in the developing chick embryos by whole-mount in situ hybridization. Stage 8 (1-4 somites) chick embryos express Bmpr1a (Fig. 1A) in the dorsal lip of the neurectoderm (asterisk in Fig. 1A 0 ) as well as in the surface ectoderm (arrow in Fig. 1A 0 ) throughout the entire head fold region, whereas Bmpr1b expression is not detectable (or very weak) in the neurectoderm of the head fold region (Fig. 1B,B 0 ) but is seen in the notochord (arrow in Fig. 1B ). In the prosencephalon of the stage 12 embryos, Bmpr1a is detected both in the dorsal and ventral neural tube (Fig. 1C ,C 0 ) although ventral expression level is stronger than the dorsal one. Bmpr1a is also expressed in the optic vesicle (arrow in Fig. 1C 0 ). In contrast, Bmpr1b expression is restricted to the dorsal most region (asterisk in D') and the ventral midline of the prosencephalon (Fig. 1D,D 0 ). The level of Bmpr1b expression in these regions is lower than that of Bmpr1a. It is interesting to note that Bmpr1b expression is observed not only in the dorsal but also in the ventral neural tube, whereas in the spinal cord it is expressed only dorsally (Timmer et al., 2002 and data not shown). In the optic vesicle, Bmpr1b is not detected at stage 10-12, although expression is seen by stage 19 (data not shown). Bmpr1b expression in the neural tube at stage 19 revealed that its dorsal and ventral expression domains became expanded to cover almost the entire neural tube (data now shown). The expression of BMP ligands (BMP2, 4, 5, and 7) was also detected in the dorsal and/or ventral midline of the prosencephalon as previously reported (Crossley et al., 2001; Furuta et al., 1997 ) (data not shown) and some of the BMP ligands such as BMP4 are also expressed in the optic vesicle (Belecky-Adams and Adler, 2001; Crossley et al., 2001) .
In summary, BMP receptors are present in the diencephalon and in the optic anlagen during the period of active neurogenesis and optic development. These results suggest that BMP signaling through Bmpr1a and Bmpr1b may be involved in important processes of diencephalic and optic vesicle development. Unlike in the spinal cord, Bmp2, Bmp7 and Bmpr1b are also expressed in the ventral neural tube as well as in the dorsal, suggesting that BMP signaling in the forebrain may play a role in ventral patterning as well as in dorsal patterning.
Ectopic activation of BMP signaling alters transcription factor expression patterns and increases apoptotic cell death in the early neural tube
To test the hypothesis that BMP signaling plays a role in diencephalic patterning, we first electroporated caBmpr1a or caBmpr1b into the anterior neuroepithelium of stage 8-9 embryos. For caBmpr1a we co-electroporated pCAGGScaBmpr1a and the viral construct, RCAS-caBmpr1a. caBmpr1b electroporation (EP) included pMiw-caBmpr1b with RCAS-caBmpr1b. Expression mediated by pMiw or pCAGGS was routinely detected 3 h post electroporation (hpe), but shut off by 2-3 days post electroporation (dpe) (data not shown). In contrast, viral (RCAS) mediated protein expression was not consistently observed for at least 6 hpe, but expression persists through development. Thus, by coelectroporating both kinds of vectors, we were able to maximize the time frame of the electroporated genes, obtaining both early and persistent gene expression. To confirm that the caBmpr1a and caBmpr1b constructs are able to ectopically activate BMP signaling pathway in vivo, we evaluated phosphorylated Smad (p-Smad) levels in the diencephalon at 3 dpe (Fig. 2) . As expected, increased pSmad is present in cells expressing the ectopic caBmpr1b (as shown with 3C2 staining in Fig. 2C ), indicating that the caBmpr1b construct activates the BMP signaling pathway in vivo (compare Fig. 2B with D) .
We next assessed whether ectopic activation of BMP signaling by caBmpr1b EP perturbed normal patterning of the early diencephalic neural tube. We examined a set of transcription factors, which are normally detected in defined domains of the diencephalon (Lim and Golden, 2002) . caBmpr1b EP, indicated by 3C2 staining (white boxed images between Fig. 3B,B 0 ,C,C 0 ) increased Pax6 and Zic expression on the EP side compared to the control side (compare Fig. 3B with B 0 , C with C 0 ) (5/7 embryos for Pax6 and 6/7 embryos for Zics). Lim1/2 is ectopically induced in the dorsal lateral region (boxed area labeled with F in . These results are consistent with the previous study showing induction of Pax6 and Isl1/2 in the spinal cord with low levels of caBmpr1b expression, although high levels of caBmpr1 repressed Pax6 and Isl1/ 2 in that study (Timmer et al., 2002) . We have not observed repression of Pax6 or Isl1 by caBmpr1 in the diencephalon.
In contrast to Zic, Pax6, Lim1/2 or Isl1, the expression of Lhx2 is repressed in EP embryos (2/3 embryos). On the control side, dorsal expression of Lhx2 shows a gradient along the DV axis with stronger expression ventrally (Fig. 3D  0 ) . On the EP side, fewer cells express Lhx2 (Fig. 3D ) where caBmpr1b EP is detected (white boxed image between Fig. 3D,D 0 ). The observed alterations in gene expression could reflect a modulation of cell death or cell proliferation specifically affecting cells expressing these genes, or be a direct or indirect change in gene regulation. In order to test whether ectopic expression of BMP signaling affects cell proliferation and/or cell death, an antibody to phosphorylated histone 3 (H3) was used to label proliferating cells and the TUNEL assay to label cells undergoing apoptosis. No change in cell proliferation at 16hpe is found after caBmpr1a EP (Fig. 4A-C) , suggesting the expanded or ectopic expression of Zic, Pax6, Lim1/2, and Isl1 is not due to increased numbers of cells. In contrast, apoptotic cell death at 16 hpe is increased in the EP embryos ( Fig. 4D-F) . Similar results were obtained when embryos were examined at 3 dpe (data not shown). Thus we cannot exclude the possibility that the reduced Lhx2 expression reflect a loss of cells expressing this transcription factor. Apoptotic cell death is not detected in later stages (6-13 dpe, data not shown), suggesting that cell death is not a random effect of caBmpr1a expression. Similar data were obtained with the caBmpr1a (data not shown).
Ectopic expression of Bmpr1 results in morphological defects in the brain
Given that ectopic activation of BMP signaling causes a perturbation in transcription factor expression patterns and increases apoptotic cell death, we next examined if these changes result in morphological defects. We analyzed embryos at 6-13 dpe of caBmpr1a or caBmpr1b and found gross morphological abnormalities in the eye, craniofacial structures, and brain. The embryos electroporated with caBmpr1a ( Fig. 5C -F) or caBmpr1b (data not shown) display similar eye phenotypes including a small eye (microphthalmia) (caBmpr1a, 9%, nZ11; caBmpr1b, 26%, nZ19) (Fig. 5C ,D) or no eye (anophthalmia) (caBmpr1a, 45%, nZ11; caBmpr1b, 21%, nZ19) (Fig. 5E ,F) on the EP side, while the control embryos electroprated with pMiwGFP construct did not show any phenotype (nZ7) (Fig. 5A,B) . Occasionally we found a slightly smaller eye on the control side of the embryos electroporated with caBmpr1's (caBmpr1a, 0%, nZ11; caBmpr1b, 5%, nZ19); it is possible that this results from electroporated gene expression on the contralateral side as well as the EP side, which we have occasionally observed. The craniofacial phenotype most often observed is a twisted beak (see arrows in Fig. 5C ,E) (caBmpr1a, 72%, nZ11; caBmpr1b, 32%, nZ19). The craniofacial defect induced by the caBmpr1a EP is often more severe than that seen with by caBmpr1b. pMiwGFP electroporated embryos show no defect when examined at 6 dpe (nZ7) (Fig. 5A,B ). We observed a spectrum of brain phenotypes after caBmpr1a or caBmpr1b EP and have classified these into five categories (summarized in Table 1 ). Type 0 has no grossly recognizable phenotype (Fig. 6A,B) . Type I embryos are macroscopically normal (Fig. 6C ,D) but show ectopic pigmentation in the ventral forebrain (arrow in Fig. 6D ), which is also seen in types II, III, and IV (arrow in Fig. 6F ,H,J). Furthermore ectopic bone/cartilage tissue is present in the leptomeninges lateral to the diencephalon in the sectioned embryos (asterisk in Fig. 7B ). Osteopontin, a chondrocyte marker, stained (inlet in Fig. 7B ) this ectopic tissue confirming it to be bone/cartilage. This is consistent with BMP's originally identified inducing activity of bone and cartilage (Urist, 1970; Urist and Nogami, 1970) . Ectopic bone/cartilage tissue is also seen in types II, III and IV (asterisk in Fig. 7C ,D; data not shown for type IV). Interestingly, we find more ectopic bone/ cartilage tissue is present in caBmpr1a EP embryos when compared to caBmpr1b EP embryos (data not shown). In addition to the abnormalities seen in type I, type II embryos display morphologic anomalies of the telencephalic vesicle, mild disorganization of the diencephalic nuclei (Fig. 7C,C 0 ), and occasionally partial fusion of the tecti (Fig. 6E,F) . Type III embryos show more severe disorganization of diencephalic nuclei (Fig. 7D,D 0 ) and complete fusion of the tecti (Fig. 6G,H) . The tectal phenotype we observed in type II and type III embryos potentially results from a broad area of electroporation beyond the diencephalon. Type IV embryos show the most striking phenotype with a failure of retinal tissue to separate from the brain; forebrain tissue is partially replaced by (or transformed into) eye tissue (Figs. 6I,J,7E,E 0 ). We further evaluated the diencephalic morphology of the electroporated embryos using standard histology on coronal sections (13 dpe). The electroporated diencephalic hemisphere is smaller in width when compared to the control side in C-F caBmpr1a EP results in a small (C,D) (9%, nZ11) or absent eye (E,F) (45%, nZ11) phenotype. EP embryos also displayed a twisted beak although the beak length was normal (72%, nZ11, arrows in (C,E). caBmpr1b showed similar results (data not shown, see text for detail). (Scale barZ1 mm in (A), all images are taken with the same magnification).
types II and III embryos (Fig. 7C,D ) but difficult to compare in type IV embryos due to lack of forebrain tissue (Fig. 7E) . No difference in size of the forebrain is found in the type O or type I (Fig. 7A,B) . The nuclear organization is disrupted on the EP side of type II, III, and IV. Some of the nuclei, particularly in the dorsal region where high level of ectopic receptor expression is detected (see Fig. 8B ), are either missing or reduced (compare Fig. 7B -E with B 0 -E 0 ). This phenotype was more obvious by immunohistochemistry (see below) as examined with type II diencephalon, which show a mild disorganization of the nuclear patterning. In the most severely affected diencephalon (type III), some of the nuclei appear to be completely disrupted with obscure boundaries and invasion of uncharacterized tissue into cell clusters (Fig. 7D,D 0 ). In the type IV diencephalon, it is difficult to evaluate the diencephalic organization since most of the neural tissue is replaced by the retinal tissue (asterisk in Fig. 7E ).
Ectopic activation of BMP signaling through caBmpr1 s disrupts diencephalic nuclear patterning
To further examine diencephalic nuclear organization in the electroporated embryos, we performed immunohistochemistry on sections through the diencephalon of type II embryos, using molecular markers we previously characterized in the developing diencephalon along with several additional markers (Lim and Golden, 2002) (nZ6) . Zic proteins are normally expressed in most of the dorsal nuclei including the habenular, dorsomedial, dorsolateral and rotundic nuclei, and in the ventrolateral geniculate nucleus as previously reported (control side in Fig. 8C and see Fig. 8F for the nuclear nomenclature; (Lim and Golden, 2002) ) whereas their expression on the EP side is seen only in the habenular and dorsomedial nuclei (Fig. 8C) . The dorsolateral, rotundic, and ventrolateral geniculate nuclei (white lined areas labeled with 3, 5, and 8 in Fig. 8C ) cannot be morphologically identified on the EP side nor are the regions normally populated by neurons from these nuclei labeled with Zic antibody. This area of abnormality corresponds to the region where the electroporated constructs are expressed (asterisk in Fig. 8B ). We also examined Lhx2 and Lim1/2 expression, which are also expressed in dorsal nuclei; their expression in the dorsal nuclei is either disorganized or missing similar to Zic expression (data not shown).
We next examined the expression of Pax6, which has a distinct expression domain from the Zics in the chick diencephalon (Lim and Golden, 2002) . Pax6 is normaly expressed in the dorsolateral superficial nucleus (white lined area labeled with 10, very weak staining in this section) and the intercalatus thalamic nucleus (white lined area labeled with 11 in Fig. 8D ) as well as in scattered cells with a ring like pattern in the ventral region (Lim and Golden, 2002) on the control side. Pax6 expression on the EP side is reduced in comparison to the control side (Fig. 8D) .
We examined the expression of Isl-1, a transcription factor primarily expressed in the ventral regions of the diencephalon including the ventral hypothalamic nucleus with some other scattered cell populations (see control side in Fig. 8E ). Its expression in the ventral hypothalamic nucleus is intact on the EP side (compare the two asterisks in Fig. 8E ) whereas its dorsal most expression around the sulcus limitans (white lined area in Fig. 8E ) is changed when compared to the control side. This is not surprising given that only the upper half of the diencephalons expresses caBmpr1 (according to 3C2 staining in Fig. 8B ). Taken together, ectopic expression of caBmpr1a and caBmpr1b disrupts normal diencephalic nuclear organization.
We next tested if apoptotic cell death alone could cause defect in diencephalic nuclear organization. pMiwDT-A (diphtheria toxin A) was electroporated into stage 8-9 anterior neuroepithelium to induce cell death. TUNEL assays show extensive cell death on the EP side when examined at 20 hpe (Fig. 9A-C) . Embryos showing electroporated gene expression in the anterior neural tube when examined in ovo at 1 dpe (Fig. 9D) were subsequently analyzed at 8-13 dpe (Fig. 9E,F) (nZ14) . In contrast to the caBmpr1 electroporated embryos, diencephalic nuclear organization is not perturbed in the DT-A electroporated embryos (Fig. 9F, ) (12/14) although two of fourteen embryos showed a severe reduction in forebrain size (data not shown). These data suggest that increased apoptotic cell Type I diencephalon has relatively normal diencephalic nuclei although they showed reduced size. Ectopic bone/cartilage tissue (asterisk in B) is generated on the EP side (Inset shows osteopontin, chondrocyte marker, staining of the ectopic bone/cartilage tissue). (C,C 0 ) Type II has mild death alone does not generate diencephalic nuclear disorganization seen in the embryos electroporated with caBmpr1's. Finally we examined whether the observed phenotypes are generated from early activation of BMP signaling in the neural tube or whether later activation of BMP signaling could also generate the same phenotypes, we compared the brains of embryos electroporated either with pMiwcaBmpr1b or RCAS-caBmpr1b alone to co-electroporated embryos (see Table 1 ). As shown in Table 1 , most of the brain abnormalities are generated by pMiw-caBmpr1b alone but not by RCAS-caBmpr1b alone, suggesting that brain abnormalities caused by co-electroporation require early onset of electroporated gene expression. Consistent with these results, when pMiw-caBmpr1b and RCAS-caBmpr1b are co-electroporated after stage 10 no diencephalic phenotype is seen (nZ17). These results support a role for BMP signaling early in diencephalic development to establish a normal morphologic development.
Dominant negative Bmpr1's do not affect diencephalic nuclear patterning but cause neural tube closure, eye morphogenesis and craniofacial defects
The data from caBmpr1a and caBmpr1b constructs indicate ectopic and unregulated activation of BMP signaling is sufficient to disrupt normal diencephalic development. We next sought to determine if BMP signaling is required for normal diencephalic development. To address this question we generated kinase domain truncated chick Bmpr1a (dnBmpr1a) and Bmpr1b (dnBmpr1b) expression constructs, which theoretically function as a dominant negative receptor (Fig. 10A) . Previous studies in mice and Xenopus, have shown that kinase domain truncated Bmpr1a can block BMP signaling (Namiki et al., 1997; Suzuki et al., 1994) . We first tested our chick dnBmpr1a construct for its ability to block BMP signaling in C2C12 cells, a myoblast cell line that can be converted to the osteoblast fate upon BMP2 stimulation (Namiki et al., 1997) . We co-transfected Id-1-Luc reporter gene with pMiwGFP (control) or dnBmpr1a into C2C12 cells, treated the cells with BMP2 and analyzed luciferase activity. Id-1-Luc is a reporter gene under the control of the Id-1 promoter which contains BMP2 responsive element and is activated upon BMP2 signaling (Fig. 10B) (Katagiri et al., 2002) . dnBmpr1a represses BMP2 responsive induction of Id-1-Luc by approximately three fold, indicating our dnBmpr1a construct inhibits BMP2 signaling and is functional (nZ3) (Fig. 10B) . Since C2C12 cells only express Bmpr1a, we were not able to test dnBmpr1b in the same system. Instead we tested dnBmpr1b in ovo by coelectroporating a reporter gene containing four smad binding elements in the promoter, (SBE) 4 -Luc (Jonk et al., 1998) , with dnBmpr1b (nZ8) or pMiwGFP as a control (nZ6). dnBmpr1b represses the induction of (SBE) 4 -Luc by whereas those drawn with dotted lines show abnormal histology. 1, habenular nucleus (n); 2, dorsomedial n; 3, dorsolateral n; 4, triangular n; 5, rotundic n; 6, ovoidal n; 7, principal precommisural n; 8, ventrolateral geniculate n; 9, ventral hypothalamic n; 10, dorsolateral superficial n; 11, intercalatus thalamic n; 12, subrotundic n. opn, osteopontin; (Scale barZ 100 mm in (A), all images are taken with the same magnification). Fig. 7C . 1, habenular nucleus (n); 2, dorsomedial n; 3, dorsolateral n; 5, rotundic n; 6, ovoidal n; 8, ventrolateral geniculate n; 9, ventral hypothalamic n; 10, dorsolateral superficial n; 11, intercalatus thalamic n; 12, subrotundic n. (Scale barZ160 mm in (A), all images are taken with the same magnification).
approximately four fold compared to the control, indicating our dnBmpr1b construct inhibits BMP signaling in vivo (Fig. 10C,D) . We next electroporated the dnBmpr1a and dnBmpr1b constructs in ovo to determine if blocking BMP signaling causes any defect in diencephalic nuclear organization. Previous studies in mice genetically engineered to be mutant for either Bmpr1a or Bmpr1b alone in the telencephalon did not exhibit a severe patterning defect (Hebert et al., 2002; Yi et al., 2000) . Therefore, we coelectroporated dnBmpr1a and dnBmpr1b in an attempt to block BMP signals mediated by both receptors. We analyzed the gross morphological phenotype of embryos co-electroporated with both constructs at 8-13 dpe (Fig. 11  A-F) . Defects in eye and craniofacial development, and a failure in neural tube closure were observed ( Table 2) . The eye phenotypes include a small eye (6%, nZ17) (Fig. 11A,B) and no eye (35%, nZ17) (Fig. 11C,D) which are also observed in caBmpr1a and caBmpr1b electroporation. Although grossly similar, histological analysis revealed that the eye phenotype generated by dnBmpr1 constructs is slightly different from that by caBmpr1 constructs. Electroporation with the dnBmpr1 constructs resulted in the lens developing outside of the retina on the EP side (arrow in Fig. 11G , compare it with arrow in 11H), a phenotype not observed in embryos with the caBmpr1 EP.
The craniofacial phenotypes resulting from dnBmpr1 EP include a shorter twisted upper beak (41%, nZ17) (Fig. 11E,F) , abnormal craniofacial mesenchyme (data not shown), and a loss of facial feathers on the EP side (12%, nZ17) (compare Fig. 11E,F) . The craniofacial phenotypes observed with dnBmpr1 constructs are distinct from those seen with the caBmpr1 constructs. In particular, the loss of facial feathers is not observed with caBmpr1 constructs and the pattern of beak phenotype is distinguishable between the ca-and dn constructs. caBmpr1 constructs result in abnormal twisted upper beak, although the length of the upper beak is normal. In contrast, dnBmpr1 constructs result in shorter twisted upper beaks. Finally, the neural tube closure defect exencephaly is observed in 12% of the dnBmpr1 EP embryos but was not seen in any EP with the caBmpr1. Embryos with exencephaly exhibit abnormal growth of the brain with no skin or skull covering (Fig. 11E,F) . Unlike the eye and craniofacial phenotypes, neural tube closure defects are only seen in embryos co-electroporated with dnBmpr1a and dnBmpr1b (Table 2) . It is interesting to note that the defects resulting from dnBmpr1's EP may relate to midline defects. These include the neural tube closure defect and craniofacial anomalies potentially arising as neural crest depletion in the midline (Ybot-Gonzalez et al., 2002; Francis-West et al., 2003) , and the ocular defects (Li et al., 1997) . Despite the abnormal phenotypes observed in the eye and craniofacial structure, diencephalic nuclear patterning appears to be normal when examined at 13 dpe (Fig. 11I) (nZ17) . We evaluated cell proliferation and cell death in the electroporated embryos at 16 hpe and found no changes in the embryos with dnBmpr1b EP (Fig. 11J-M) (nZ8) . We also examined Lim1/2, Pax6, and Lhx2 expression patterns in the embryos co-electroporated with dnBmp1a and dnBmpr1b but did not observe any changes in their expression (data not shown). Taken together, our data suggest that BMP signaling through Bmpr1a and Bmpr1b is necessary for eye and craniofacial development along with neural tube closure, but may not be required for diencephalic nuclear patterning.
Discussion
We have investigated the role of BMP signaling in chick diencephalic development and found that BMP ligands and receptors are expressed at times consistent with them playing a role in development. Constitutively active receptor constructs were found to affect diencephalic nuclear organization. Thus, BMP signaling is sufficient to alter patterning in this part of the forebrain. The expression of various BMP ligands and receptors both in the dorsal and ventral forebrain (Furuta et al., 1997; Zhang et al., 1998) suggests that patterning in the forebrain through BMP signaling may be more complex than the single gradient model established in the spinal cord (reviewed in Helms and Johnson, 2003) . Somewhat surprisingly, repressing BMP signaling through dominant negative receptors did not appear to affect diencephalic patterning, although eye, craniofacial and neural tube development were disrupted.
Ectopic induction of BMP signaling disrupts diencephalic nuclear patterning
The ectopic activation of BMP signaling perturbs transcription factor expressions during early diencephalic development. By 3dpe, caBmpr1b induces expression of Pax6, Zic, Lim1/2 and Isl1. In contrast, Lhx2 expression was repressed. In addition to changes in gene expression, caBmpr1b increases apoptotic cell death. Since DT-A mediated apoptotic cell death alone does not cause the same phenotype seen in caBmpr1b EP, it is unlikely the observed diencephalic phenotype results from cell death alone. Thus the disrupted diencephalic nuclear organization most likely results from perturbation of transcription factor expression and possibly specific cell death that may be linked to perturbed gene expression.
Unexpectedly, gene expressions ectopically induced at 3 dpe were reduced at 13 dpe in spite of persistent viral expression of the caBmpr1b. Several possible explanations exist for these seemingly disparate data. Increased cell death observed at 3 dpe when perturbation of gene expression patterns was detected, could account for these findings. Cells that are misexpressing pax6, zic, isl1, lim1/2 due to ectopically activated BMP signaling undergo apoptotic cell death. Therefore, when examined in later brain, cells that are expressing these marker genes are reduced. Note that cell death is not detected when examined at 6-13 dpe although there is continuous expression of caBmpr1. Another possibility is that BMP signaling may be sufficient to induce the expression of some genes but may not be able to maintain their expression possibly due to the absence of other required maintenance factors that are not under the control of BMPs.
The spectrum of phenotypes observed in this study most likely reflect variability in the experimental system. First, the level of electroporated gene expression may account for different phenotypes. Second, the timing and duration of BMP signal activation may be important to generate certain phenotypes. Another possibility for phenotype variation is that different subpopulations of cells may be targeted among individual electroporated embryos. For instance, in type IV embryos where eye tissue exists in place of forebrain, electroporation could have involved regions of the diencephalon fated to be the site of optic vesicle invagination, resulting in the failed separation of retinal tissue from the brain. In contrast, this region would have been largely spared in types I, II, and III embryos. It is also possible that a combination of these possible mechanisms is simultaneously involved to generate the observed variable phenotypes. Unfortunately we could not differentiate these possibilities since differences in 3C2 expression examined in different phenotypes at 13 dpe did not show a correlation to the phenotype and early BMP signaling induction mediated by pMiw was transient, which makes it impossible to trace down the correlation between its expression and the diencephalic phenotype.
Potential roles of Bmpr1a and Bmpr1b in chick diencephalic development
Our data suggest chick Bmpr1a and Bmpr1b have similar roles in diencephalic development. Both showed similar Fig. 11 . dnBmpr1 disrupts eye, craniofacial development and neural tube closure, but not nuclear patterning of the diencephalon. Embryos were harvested 6 dpe (A-D,G) or 13 dpe (E,F,I) after co-EP with dnBmpr1a and dnBmpr1b (nZ17). (A,C,E) are lateral views of the EP side whereas (B,D,F) are lateral views of the control side of the same embryo in (A,C,E), respectively. (A,B) Embryo with small eye phenotype (6%). Arrowheads in (B) indicate the approximate level of section shown in (G). (C,D) Embryo with absent eye phenotype (35%). (E,F) Embryo with an abnormal craniofacial phenotype (53%) and neural tube closure defect (brain tissue outside of the cranium, see arrowheads in (F)) (12%). (G) Hematoxylin and eosin stained coronal section of the whole head from an embryo (7 dpe) with the small eye phenotype. Note the lens misplaced on the EP side (arrow, compare to (H)) outside of the retina. (H) An adjacent section of (G) showing normal lens placement (arrow) on the control side. (I) Hematoxylin and eosin stained coronal section through the diencephalon (13 dpe). No nuclear patterning defect on the ep side is observed. (J-M) dnBmpr1 does not change cell death ((J), DAPI staining; (K), co-label of TUNEL assay and GFP staining) or cell proliferation ((L), DAPI staining, (M), co-label of p-H3 and GFP) (nZ4). GFP expression shows electroporation of dnBmpr1 in (K,M). 3v, third ventricle; dien, diencephalon; ins, interobrbital nasal septum; ol, optic lobe; ot, optic tectum; p, pectin; pg, pineal gland; pr, pigmented retina; tel, telencephalon. (Scale barsZ1 mm in (A); 100 mm in (G,I); 40 mm in (M); Images in (A-F,J-M), respectively, are taken with the same magnification). Table 1 ). In contrast, transgenic mice overexpressing Bmpr1a or Bmpr1b indicated a distinct function for each receptor during neural development (Panchision et al., 2001 ). In the mouse, Bmpr1b functioned mainly through regulating cell death or differentiation without changing gene expression in the spinal cord, whereas Bmpr1a dorsalized the neural tube by altering gene expression. These differences between two studies could reflect differences inherent to the mouse versus the chick nervous system and/or differences in the diencephalon versus the spinal cord. Differences between species were previously addressed by in ovo electroporation of caBmpr1a or 1b to the chick spinal cord (Timmer et al., 2002) . Unlike in the transgenic mouse models, Timmer et al. only observed quantitative differences between constructs that express Bmpr1a and Bmpr1b. They observed changes in Pax6 and Isl1 expression in the spinal cord after electroporation, whereas these genes were not affected in transgenic mice. These data, together with our data, suggest that BMP signaling in the mouse and in the chick have distinct functions, although differences in timing and the level of construct expression between these studies could not be excluded.
Evidence also exists to support differences in the role of BMP signaling pathway between distinct regions of the CNS. In the spinal cord, BMP signaling is involved in dorsal specification. However, in the forebrain Bmp2, Bmp7 and Bmpr1b are expressed in the ventral neural tube as well as dorsally during early neurogenesis (data not shown and Fig. 1 ), suggesting BMP signaling may play a role in ventral patterning in addition to a role in dorsal development. This is consistent with the previous in vitro report showing BMP7 is involved in ventral specification of the telencephalon (Dale et al., 1997) . Induction of both dorsal (Pax6 and Zics) and ventral (Isl1) genes by caBmpr1b in our study may account for this dual role of BMP signaling in the diencephalon. Support for different functions of BMP signaling in different regions of the CNS also comes from examining Lhx2 expression related to BMP signaling. Lhx2 is repressed in the diencephalon by caBmpr1b electroporation (Fig. 3) whereas it is induced in the spinal cord (Timmer et al., 2002) . The level of BMP signaling might account for this differential regulation of Lhx2 in different regions of the neural tube. Bimodal regulation of Lhx2 by BMP2 and BMP4 has been observed in telencephalic explant cultures (Monuki et al., 2001) ; high concentrations of BMP2 and 4 can inhibit Lhx2 whereas low concentration of these BMPs can induce it. Thus the level of BMP signaling activity induced in our study may be higher than that in the spinal cord study, resulting in a different mode of Lhx2 regulation.
Our data with dnBmpr1a and dnBmpr1b suggest that BMP signaling through these receptors may not be necessary for normal diencephalic nuclear pattern formation. These data are consistent with those from the Bmpr1a conditional mutant mice (Hebert et al., 2002) , although interpretation of the mouse data is difficult with regard to the diencephalon given that the Foxg1-Cre mice used to conditionally remove Bmpr1a is not expressed in the diencephalon. In Bmpr1a conditional mutant mice, no global patterning defect was seen in the telencephalon, although a reduction or loss of choroid plexus in the dorsal midline was observed. Nonetheless, a role for Bmpr1a in forebrain patterning cannot be excluded since blocking BMP signaling in mice and our data in chicks may not have been complete. In the chick, insufficient numbers of cells may have been electroporated with the dnBmpr1 constructs to significantly affect diencephalic patterning, or Bmpr1a activity prior to the electroporation may be enough for normal diencephalic patterning. In the mouse, Bmpr1a may be required at an earlier stage for patterning of the telencephalon, prior to the time Bmpr1a activity was depleted in the conditional knock out mouse (Cre was first detected at E8.5). There may also be some functional redundancy in Bmp receptors that were not tested. BMP signaling in the forebrain may function through other receptors such as Tsr1 (Alk1) and ActIR (Alk2) even if Bmpr1a and Bmpr1b functions are blocked (Chen and Massague, 1999; Ebendal et al., 1998) .
The level of BMP signaling is critical in neural tube closure and normal eye and craniofacial development
BMP signaling appears to be critical for normal neural tube closure. BMP5K/K;BMP7K/K mice have neural tube closure defects (Solloway and Robertson, 1999) . Conversely, previous reports with transgenic mice overexpressing caBmpr1a or caBmpr1b also show similar defects in neural tube closure ranging from open fore/mid brain to complete exencephaly (Panchision et al., 2001) . We observed neural tube closure defects in 12% of chick embryos electroporated with dnBmpr1 constructs, but never with caBmpr1 constructs or in any of our controls. The neural tube closure defect we observed was characteristic for those seen in experimental models with a short gestation and is known as excencephaly. The equivalent defect in species with a longer defect, such as humans, is anencephaly. Our data together with those in mice suggest that the level of BMP signaling is critical for normal neural tube closure since both excess and lack of signal activation may cause a failure in neural tube closure.
Previous studies have reported the role of BMP signaling in differentiation, growth, and DV patterning in the eye (Adler and Belecky-Adams, 2002; Faber et al., 2002; Zhao et al., 2002) . In the present study, embryos electroporated with either caBmpr1 or dnBmpr1 frequently exhibited an abnormal eye phenotype including microphthalmia (small eye) and anophthalmia (no eye) on the EP side. While our study is the first report of ectopic activation of BMP signaling causing an eye phenotype, BMP4 and BMP7 mutant mice and dnBmpr1 or noggin overexpression studies in the chick have reported microphthalmia or anophthalmia (Adler and Belecky-Adams, 2002; Furuta and Hogan, 1998; Wawersik et al., 1999) . Although the gross eye phenotypes appeared similar in caBmpr1 and dnBmpr1 EP embryos, histological sections revealed the phenotypes to be slightly different. Thus, like neural tube closure, the level of BMP signaling also appears to be essential for specific aspects of eye development. Previous reports with Pax6 mutant mice also indicated a dose dependent requirement for this transcription factor in eye development. Either overexpression or removal of Pax6 generated microphthalmia and anophthalmia (Rashbass et al., 1997a) . These findings, together with our data, suggest that BMP signaling may control eye development through regulating Pax6 expression. In addition to the size of the eye, ectopic expression of either caBmpr1 generated a second eye phenotype. Retinal tissue appeared to differentiate within and possibly in place of the forebrain (type IV). A previous study with the Vax1 and Vax2 in zebrafish reported a similar phenotype (Take-uchi et al., 2003) . They showed that Shh and FGF signaling were involved in regulating Vax genes. When Vax1 and Vax2 expressions are lost, partition between retina and optic stalk fail to occur, resulting in eye tissue fusion to the brain. It will be interesting to determine if a link exists between BMP signal and Vax gene expressions in the eye. Another study showing similar phenotype to type IV comes from FGF8 bead implantation in chick embryos (Larsen et al., 2001 ). Implantation of FGF8 soaked beads on the dorsal prosencephalon of E2 embryos caused loss of the optic stalk when examined on E9; the epithelium of the eye was continuous with the epithelium of the telencephalon and hypothalamus; similar to the defect observed in type IV embryo of our study. Our data together with these studies suggest that BMP signaling may function in the same or parallel pathway with FGF8 and Shh signaling in early eye fate decisions.
Finally, both the ca-and dnBmpr1 generated craniofacial phenotypes although the abnormalities again differed depending on activation or repression of signaling. Both of the caBmpr1 constructs resulted in twisted beaks, affecting primarily the upper beak, without apparent changes in beak length. In contrast, dnBmpr1 constructs generated shorter upper beaks that are also twisted. The dnBmpr1 constructs resulted in a loss of facial feathers, a feature not observed in embryos electroporated with caBmpr1 constructs. It is known that the skeletal elements of the chick upper beak are derived from the frontonasal mass and maxillary prominences . The level of BMPs and RA play an important role in specifying the identity of the frontonasal mass and maxillary prominences . Our results are consistent with these data. In summary, our data indicate a precise level of BMP signaling is critical in early craniofacial, eye and neural tube development. Furthermore, BMP signaling is sufficient to modulate nuclear organization in the diencpehalon.
Experimental procedures
Expression constructs
Wild type and constitutively active forms of human BMP receptor type IA (RCAS-caBmpr1a and pCAGGS-caBmpr1a) and chick BMP receptor type IB (RCAS-caBmpr1b and pMiw-caBmpr1b) constructs were kindly provided by Dr L. Niswander (Timmer et al., 2002) . For caBmpr1a electroporation, both RCAS-caBmpr1a and pCAGGS-caBmpr1a were used, while both RCAS-caBmpr1b and pMiwcaBmpr1b were used for the caBmpr1b unless otherwise mentioned. The kinase domain truncated dominant negative BMP receptors type IA (dnBmpr1a) and type IB (dnBmpr1b) were generated and cloned into pMiwIII. The dominant negative constructs were made by PCR using the upstream (5 0 -agatctacaatgactcgactgagagtttgtga-3 0 for dnBmpr1a, and 5 0 -agatctaagatgcccttgcttagctccagc-3 0 for dnBmpr1b) and the downstream (5 0 -ggtacctgcttcatcttgttccaggtcac-3 0 for Bmpr1a, and 5 0 -ggtaccggagccgctgcctgagctctg-3 0 for dnBmpr1b) primers and the full length chick receptors as templates. Each PCR fragment was digested with Bgl II and Kpn I and ligated into pMiwIII. The coding region of eGFP was amplified by PCR using 5 0 -atggct agcatcctt tcacgtttg-3 0 and 5 0 -gctgtggttcagataggc caatggg-3 0 primers and pIRESeGFP (Clontech) as a template, and subsequently ligated in frame to the truncated Bmpr1a and Bmpr1b in pMiwIII expression vector using unique Pst I and Xba I sites. The dnBmpr1a encodes 199 amino acids (1-598 nucleotide) while the dnBmpr1b encodes 190 amino acids (1-572 nucleotide) of the original chick Bmpr1a and Bmpr1b, respectively. pMiwDT-A (Diphtheriatoxin-A) was made by subcloning Pst I fragment of pMC1DT-A (kindly provided by Dr. P. Labosky) into pMiwIII. All constructs were confirmed by sequencing.
In ovo electroporation
Fertilized White Leghorn embryos were obtained from B&E Eggs (York Springs, PA) and incubated in a humidified rotating incubator at 37 8C. Embryos were staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1992) . In ovo electroporations were carried out as described (Muramatsu et al., 1997) with the following modifications. Approximately 0.1-0.2 ml of DNA (3-5 mg/ml with 0.25% fast green) was injected into the lumen of the neural tube followed by electroporation with three pulses of 26 mV (50 ms each with 1 s interval) using a BTX Electro Square Porater ECM 830. Embryos with high levels of gene expression assessed by eGFP expression for dnBmpr1a and dnBmpr1b, or by GAG protein expression (antibody 3C2) of the viral constructs for caBmpr1a and caBmpr1b, were used for analysis. For DT-A electroporation, dsRED (kindly provided by Dr. J. LoTurco) was co-injected and used to select embryos with high levels of electroporation.
Survival rate 3 days after electroporation averaged 80-85%, 30-40% after 7 days, and 10-20% at 14 days. About 25-35% of surviving embryos showed broad expression of the electroporated constructs.
Cell culture, transfection and luciferase assay
Mouse C2C12 cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) containing 15% fetal bovine serum (FBS) (Life Technology). Cells were transfected at 2!10 3 cells/well in 12-well plates using FuGene 6 (Roche). For normalization, pCMV-LacZ was co-transfected with Id-1-luc (kindly provided by Dr T. Katagiri) (Katagiri et al., 2002) and dnBmpr1a. For control, pMiwIII empty vector was used instead of dnBmpr1a. The amount of each plasmid used for transfection was 250, 50 and 25 ng for dnBmpr1a and pMiwIII, Id-1-Luc, and pCMV-LacZ, respectively. After overnight incubation, the culture media were replaced with fresh media containing 0.5% FBS in the presence or absence of 300 ng/ml of BMP-2 (R&D), and cultured for an additional 24 h. Luciferase activities in the cell extracts were determined using the luciferase assay kit (Promega) with a luminometer. For normalization in the in vivo luciferase assay to test dnBmpr1b function, Renilla luciferase was co-electroporated with (SBE) 4 -luc (kindly provided by Dr T. Imamura) (Jonk et al., 1998) and dnBmpr1b. For control, pMiwGFP was used. The amount of each plasmid used for the in ovo electroporation was 4 mg/ml (dnBmpr1b and pMiwGFP), 400 ng/ml ((SBE) 4 -Luc) and 500 ng/ml (Renilla Luciferase), respectively. Embryos were harvested at 30 hpe (hours post electroporation) and luciferase activities in the embryos were determined using the Dual-Luciferase Reporter Assay System kit (Promega) with Xenogen IVIS.
In situ hybridization
In situ hybridization on whole embryos and tissue sections was performed as previously described (Lim and Golden, 2002) . Probes for Bmp2, Bmp5 and Bmp7 were gifts from Dr. R. Johnson (MD Anderson) Bmpr1a and Bmpr1b from Dr. L. Niswander (Memorial Sloan-Kettering Cancer Ctr).
Immunohistochemistry
Immunohistochemistry on cryosections and paraffin sections was carried out as previously described (Lim and Golden, 2002) . Antibodies against Lhx2, Pax6 and Zics have been described (Lim and Golden, 2002) . Hybridoma to avian sarcoma virus GAG (3c2, 1:2) was kindly provided by Dr C. Cepko. Antibodies to Lim1/2 (4F2, 1:100) and Isl-1 (39.4D5, 1:50) were obtained from the Developmental Studies Hybridoma Bank, polyclonal antibodies against phosphorylated Smad1/5/8 (1:1000) and osteopontin (1:250) from Cell Signaling Technology and Chemicon, and an antibody against phosphorylated histone 3 (H3) (1:200) from Upstate Biotechnology. Appropriate secondary antibodies conjugated with FITC (1:100), Texas Red (1:100), or Biotin (1:500) was used as recommended. Streptavin conjugated cy3 (1:1000) was used when needed for signal amplification. Fluorescent images were digitally acquired on a Leica DMR upright microscope equipped with a Hamamatsu ORCA-ER digital camera and pseudocolored with Openlab software. Non-fluorescent images were digitally acquired on a Leica DMR microscope equipped with a Hamamatsu RGB 3 chip-color camera. If necessary, images were taken in overlapping fields (20-25), imported to and reconstructed as a composite image in Adobe Photoshop 7.0 (Fig. 7F-J) .
Histology
Hematoxylin and Eosin (H and E) staining was carried out according to standard protocols (Lim and Golden, 2002) . H and E stained images in Fig. 7 were digitally acquired on an Olympus BX61 microscope equipped with BLISS imaging system (Bacus Lab Inc., Lombard, IL). Images in Fig. 7 were photographed in overlapping fields, imported to, and then reconstructed as a composite image, in Webslide Browser 3.6 and Adobe Photoshop 7.0.
TUNEL analysis
TUNEL analysis was carried out on either cryosections (12-16 mm) or paraffin sections (5-7 mm) as previously described (Golden et al., 1999; Lindsten et al., 2003; Minarcik and Golden, 2003) .
